Inflammation has been linked to cancer but its role in breast cancer is unclear. We investigated common serum markers of inflammation: C-reactive protein (CRP), albumin, haptoglobin and white blood cells (WBC) in relation to breast cancer incidence, severity and survival. A total of 155 179 women aged 20 and older without any history of cancer were selected from a large Swedish cohort. Hazard ratios (HRs) for breast cancer were estimated with Cox regression, adjusting for potential confounders. Ordered and binomial logistic regression models were used to assess the associations of serum inflammatory markers with breast cancer severity and oestrogen receptor (ER) positivity at diagnosis, on the other. Cumulative incidence functions by levels of inflammatory markers were assessed for early death from breast cancer and all causes. During a mean follow-up of 18.3 years, 6606 women were diagnosed with breast cancer, of whom 1474 died. A positive association with incident breast cancer was seen for haptoglobin ≥ 1.4 g/l [HR 1.09; 95% confidence interval (CI): 1.00-1.18] compared to lower levels. No association was observed between inflammatory markers and breast cancer severity or ER positivity. Higher haptoglobin was linked to risk of early death from breast cancer (HR: 1.27, 95% CI: 1.02-1.59), whereas higher risk of early death from all causes was additionally found with CRP ≥ 10 mg/l (HR: 1.19, 95% CI: 1.04-1.36) and WBC ≥ 10 × 10 9
Introduction
Two distinct mechanisms link inflammation and cancer. Chronic inflammation may initiate or promote cancer through generation of reactive oxygen species and proinflammatory cytokines; and conversely, inflammation may occur secondary to cancer and affect disease progression (1) . For breast cancer, the latter has been shown by the infiltration of white blood cell (WBC) components such as CD8+ and CD4+ regulatory T lymphocytes in cancer tissues, which has been linked to overall survival in breast cancer patients (2) (3) (4) . The role of inflammation preceding breast cancer diagnosis and its prognostic implications are less clear.
Observational studies have increasingly explored the link between inflammation and incident breast cancer through the use of systemic inflammatory markers. Most of these studies utilized C-reactive protein (CRP), an acute-phase reactant excessively produced by the liver during inflammation (5) (6) (7) (8) (9) . In previous work, we assessed the risk of breast cancer in 59 220 women and observed no statistically significant association between baseline serum levels of CRP or WBC and incident breast cancer (10) . Our findings for CRP were later pooled in a meta-analysis with an additional 38 330 women from five other prospective studies (11) . This also yielded a null association, with a summary hazard ratio (HR) for breast cancer of 1.04 [95% confidence interval (CI): 0.91-1.17] with higher CRP levels, although measurement techniques and categorizations of CRP varied between studies. Additionally, long latency prior to clinical manifestation of breast cancer may affect the strength of the observed association (7) .
More recently established markers of inflammation such as IL-6 and TNF-α have also been linked to cancer risk (12, 13) , but they are not routinely measured in clinic. Apart from CRP and WBC, other commonly used inflammatory markers are haptoglobin and albumin, the latter known to correlate inversely with inflammation (14) . To further investigate the association between inflammation and incident breast cancer, we expanded our previous cohort in the Apolipoprotein Mortality Risk (AMORIS) Study by assessing haptoglobin and albumin in addition to CRP and WBC, including more participants (n = 155 179) and extended follow-up time. Furthermore, with the recent linkage to the Stockholm Clinical Quality Register for Breast Cancer, we were able to assess baseline levels of these markers in relation to breast cancer severity at time of diagnosis and survival in 6606 women who developed breast cancer.
Methods

Study population
The AMORIS study has been described in detail (15) . Briefly, this cohort comprises Swedish men and women with blood samples sequentially sent to the Central Automation Laboratory (CALAB) in Stockholm, Sweden, during the period 1985-1996. Individuals recruited were mainly from the greater Stockholm area, who were either healthy and having a laboratory testing as part of a general check-up or outpatients referred for laboratory testing. None of the participants were inpatients at the time of sampling. In the AMORIS study, the CALAB database was linked to several Swedish national registries using the Swedish 10-digit personal identity number. Following a recent update, the AMORIS study now includes laboratory measurements of 812 073 individuals with information on breast tumour characteristics from 1985 onwards (16) and follow-up information until 31 December 2011.
From the updated AMORIS database, we selected all women aged 20 and older with baseline serum CRP and albumin. All participants with any prior history of cancer were excluded. To exclude reverse causation, we only included women with follow-up time of more than 2 years. A total of 155 179 women were therefore included in the final analysis (Supplementary Figure 1 , available at Carcinogenesis Online). The study complied with the Declaration of Helsinki and was approved by the Ethics Review Board of the Karolinska Institute.
Definition of outcomes
Breast cancer diagnosis was obtained from the Swedish National Cancer Register and the Stockholm Clinical Quality Register of Breast Cancer, which has 97% coverage following validation against the records of the National Cancer Register. We used information on age at diagnosis, tumour stage and ER status to classify breast cancer cases into three levels of severity: mild, moderate and severe (Supplementary Table 1, available at Carcinogenesis Online). This classification was based on St. Gallen criteria (17) and corresponds to different survival profiles of all breast cancer patients in this study (Supplementary Figure 2 , available at Carcinogenesis Online). Information on overall and breast cancer-specific mortality was obtained from the Swedish Cause of Death Register.
Assessment of exposures and covariates
Serum CRP and haptoglobin levels were measured with an immunoturbidimetric assay (reagents from Orion Diagnostics, Finland) using fully automated multichannel analyzers (for CRP an AutoChemist-PRISMA, New Clinicon, Sweden, 1985-1992 and a DAX 96, Technicon Instruments, USA, 1993-1996; for haptoglobin Hitachi-analyzers, Boehringer Mannheim, Germany) (15) . High-sensitivity CRP was not available at any time in the period of blood sample collection (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) , and CRP concentrations <10 mg/l could not be measured precisely (15) . However, this cutoff of 10 mg/l was widely accepted as the upper limit of the health-associated reference range (18) . Albumin was measured with a bromcresol green method and WBC count obtained by routinely used haematology analyzers (STKS Haematology System from Coulter Corporation, Hialeah, FL). Total imprecision calculated by the coefficient of variation was 12% at CRP level 40 mg/l, 5.6% at haptoglobin level 1.1 g/l, albumin <1.8 and <2.7% at WBC 10 × 10 9 /l (19) . Weight and height measurements were assessed in 24 927 participants and body mass index (BMI) was calculated. Methods were fully automated and accredited (15) .
Information on socioeconomic status (SES; white collar, blue collar, not gainfully employed or unknown) was collected from the Population and Housing Census for 1970-1990 (10) . Information on parity (nulliparous, 1+) was obtained from the Swedish Multi-Generation Register, whereas information on hospitalization for liver disease, rheumatic disease, diabetes and lung disease (ever, never) was taken from the National Patient Register. From the Stockholm Clinical Quality Register for Breast Cancer, we obtained information on menopausal status at diagnosis (premenopausal, postmenopausal), tumour TNM stage based on the American Joint Committee on Cancer (AJCC) Cancer Staging Manual 7th edition (I, II, III, IV) and oestrogen receptor (ER) status (positive, negative). Period of cancer diagnosis was categorized (before 1989, 1989-1993, 1993-1997, 1997 onwards) to account for the long period of recruitment and differences in early cancer detection and management over time.
Statistical analysis
Levels of serum inflammatory markers were assessed as high or low based on their clinical cutoffs used in the CALAB laboratory: CRP 10 mg/l, haptoglobin 1.4 g/l and WBC 10 × 10 9 /l. For albumin, a cutoff point of 40 g/l was used instead of 35 g/l due to the small number of participants with low albumin levels. Follow-up time was defined as the time from the baseline measurements until the date of breast cancer diagnosis, death from any cause, emigration or end of study, whichever occurred first. Hazard ratios and CIs for incident breast cancer were obtained with Cox proportional hazards regression, comparing women with high to low levels of CRP, albumin, haptoglobin and WBC. The assumption of proportional hazards was met by assigning variables as time-varying covariates. All models were adjusted for age at baseline measurements, SES and parity. Additional adjustments were performed for diabetes and lung disease as a proxy for smoking. A subanalysis based on menopausal status at baseline used age as a proxy of menopause. In the analysis of premenopausal women, individuals were followed to age 50 after which they were censored. In the assessment of postmenopausal risk, individuals with measurements before age 50 entered the study at age 50 by means of delayed entry (20) . Since obesity is linked to inflammation and breast cancer (21, 22) , we also repeated our analysis in the subgroup of women with baseline BMI while adjusting for BMI. Additionally, since disease of the liver may impair production of CRP, albumin and haptoglobin (23, 24) , we performed a sensitivity analysis excluding 521 women with history of liver disease. A similar sensitivity analysis was performed by excluding 1436 women with history of rheumatic disease since levels of CRP and haptoglobin may be influenced by the disease and its medications (25) .
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To assess the association between prediagnostic inflammatory markers and breast cancer severity, ordered logistic regression was used to estimate proportional odds ratios of more severe breast cancer by categories of CRP, albumin, haptoglobin and WBC. This analysis allowed the use of three severity categories as ordered outcomes and was performed in 5108 breast cancer patients with available information on disease severity. The proportional odds assumption was met for all markers. The models were adjusted for age and menopausal status at diagnosis, period of diagnosis and interval time between baseline measurements and breast cancer diagnosis. Additionally, we used logistic regression to analyse inflammatory markers in relation to ER positivity as an outcome in the same subset of breast cancer patients.
Finally, we investigated prediagnostic inflammatory markers in relation to all-cause and breast cancer-specific death in 6606 women with breast cancer. Patients were followed up until death, emigration or end of study, whichever occurred first. Cox proportional hazards models were used, adjusting for age and menopausal status at diagnosis, tumour stage, ER status, period of diagnosis and interval time between baseline measurements and breast cancer diagnosis. Missing variables were assigned as a different value for menopausal status (18%), tumour stage (18%) and ER status (32%). To further illustrate this association, cumulative incidence functions for all-cause and breast cancer-specific death are displayed by categories of CRP, albumin, haptoglobin and WBC. Gray's test for equality of cumulative incidence functions was performed to assess differences in cumulative risk of death with respect to baseline markers.
All analyses were conducted with Statistical Analysis Systems (SAS) release 9.4 (SAS Institute, Cary, NC) and R version 3.0.2 (R Foundation for Statistical Computing).
Results
Baseline characteristics of study participants are shown in Table 1 . During a mean follow-up of 18.3 years, 6606 women were diagnosed with breast cancer, of whom 1474 died, with breast cancer being the main cause of death in 736. Most of the study participants were gainfully employed. Higher parity was seen in those who developed breast cancer. Women with breast cancer also had higher levels of CRP and haptoglobin at baseline compared to those without.
Higher haptoglobin levels were associated with incident breast cancer ( Table 2 ). This association slightly weakened in the fully adjusted model, showing a borderline increased risk (HR: 1.09, 95% CI: 1.00-1.18). No differences were observed when the model was further adjusted for diabetes and lung disease (results not shown). When the analysis was stratified based on age of 50 years as a proxy for menopause, a positive association was noted between CRP and breast cancer risk in premenopausal women (HR: 1.08, 95% CI: 1.08-1.30), whereas haptoglobin was associated with breast cancer risk only in postmenopausal women (HR: 1.09, 95% CI: 1.00-1.19). After adjustment for BMI in the subgroup of women with baseline BMI, the only association observed was between haptoglobin and incident breast cancer in postmenopausal women (HR: 1.24, 95% CI: 1.01-1.51 for high versus low levels of haptoglobin). Findings were similar when we excluded women with prior history of liver or rheumatic disease (results not shown). Figure 1 shows the proportions of breast cancer severity with respect to categories of prediagnostic CRP, albumin, haptoglobin and WBC, where no marked difference was observed between women with high and low levels of these markers. A lack of association was also found between these markers and the odds of being diagnosed with more severe breast cancer (Table 3) . Similarly, there were no differences observed in the odds of being diagnosed with ER-positive breast cancers with higher serum inflammatory markers (results not shown).
High prediagnostic haptoglobin was linked to increased risk of dying from breast cancer (HR: 1.27, 95% CI: 1.02-1.59). A similar association was seen with CRP, but disappeared after adjustment for other covariates. For all-cause mortality, a stronger association with prediagnostic markers was found (Table 4) . Women with higher levels of CRP, haptoglobin and WBC are at greater risk of early death from any causes, with HR of 1.19 (95% CI: 1.04-1.36), 1.34 (1.15-1.55) and 1.57 (1.14-2.16) for high versus low levels of CRP, haptoglobin and WBC, respectively. An inverse association for albumin was not apparent after adjustment for other covariates.
The association between prediagnostic serum inflammatory markers and death following breast cancer diagnosis was further demonstrated with cumulative incidence functions. A statistically significant higher cumulative risk of dying from breast cancer was observed in women with higher prediagnostic CRP and haptoglobin compared to those with lower levels (Figure 2 ). Similar but stronger trends were seen with all-cause death. Additionally, an inverse trend was observed between albumin and all-cause mortality over time.
Discussion
We found a borderline positive association between baseline haptoglobin and incident breast cancer. Although no association was observed between inflammatory markers and breast cancer severity at diagnosis or ER positivity, haptoglobin was positively linked to breast cancer death. Breast cancer patients with higher levels of CRP or haptoglobin or lower albumin levels prediagnostically were also shown to be more likely to die early from any causes.
Molecular pathways linking inflammation and breast cancer have been increasingly studied. Proinflammatory cytokines released during inflammation may trigger the activation of signal transducer and activator of transcription 3 (STAT3) and nuclear factor kappa B (NF-κB) signalling pathways, leading to activation of genes responsible for cell survival, proliferation and angiogenesis (26, 27) . Aberrant activations of STAT3 and NF-κB have been widely implicated in breast carcinogenesis (28, 29) and jointly contribute to an immunosuppressive tumour microenvironment (30) . Additionally, suppressor of cytokine signalling 3 (SOCS3), an inhibitor of cytokine production, negatively regulates STAT3 expression and decreases proliferation in breast cancer cells, further linking inflammation and breast cancer (31) . Apart from its effects on carcinogenesis, STAT3 upregulates expression of acute-phase reactants including CRP (32, 33) and haptoglobin (34) , and a synergistic effect of NF-κB on this mechanism has been shown. These common regulatory pathways suggest that systemic markers of inflammation may be useful in studying the association between inflammation and breast carcinogenesis. Our findings linking CRP and incident breast cancer showed a null association, which is in agreement with most previous studies (6, (9) (10) (11) (12) (35) (36) (37) . So far, a positive association between serum CRP and breast cancer risk has only been documented in three studies (5, 7, 8) , where the largest number of breast cancer cases was 218. In addition to sample size, adjustments for potential confounding factors may explain the differences in estimates, especially BMI, since obesity has been suggested to Age of 50 years was used as a proxy for menopause. In the analysis of pre-menopausal women, individuals were followed to age 50 after which they were censored. In the assessment of post-menopausal risk, individuals with a baseline measurement taken before age 50 entered the study at age 50 by means of delayed entry. Note that this analysis allowed the same participants to be included in both groups, which resulted in a difference between the total numbers from pre-and post-menopausal analyses with the actual total numbers of women in the cohort.
underlie the association between chronic inflammation and breast cancer (38) . Nevertheless, only one study showed substantial effect modification by overweight status (BMI </≥ 25 kg/ m 2 ) (37), whilst adjustment for BMI and other variables apart from age, such as hormonal factors, mostly had little impact on findings (6) (7) (8) (9) 12) . Similarly, we found no marked difference in our overall results when adjusting for BMI in the subset of women with baseline BMI, but the association between CRP and incident breast cancer in premenopausal women was no longer seen. This may imply that obesity-related inflammation in younger age plays a more important role in breast carcinogenesis compared to when it occurs later in life. However, there is not enough evidence suggesting that this could be translated to inflammation in general as no differences were seen for other markers upon BMI adjustment.
Despite the borderline association observed with incident breast cancer, risk estimates from haptoglobin were more robust than from CRP when adjusted for BMI, suggesting that the marker is less affected by obesity. To our knowledge, this is the first study exploring the association between haptoglobin and breast cancer in the population setting. Previously, haptoglobin has mostly been investigated in the context of breast cancer treatment, where a decreased serum expression in response to endocrine therapy was observed (39) (40) (41) . In contrast, Dowling et al. (42) compared the serum expression of haptoglobin in 33 breast cancer patients and 15 healthy females and found no statistically significant differences. The timing of measurements and the characteristics of participants, however, were not addressed. Given the paucity of evidence, our findings indicate a potential area of research with serum haptoglobin as a marker linking inflammation to incident and fatal breast cancer. Adjusted for age and menopausal status at diagnosis (premenopause, postmenopause, unknown), period of diagnosis (1986-1995, 1995-1999, 1999-2003, 2003-2007, 2007-2011) , interval time between measurement and breast cancer diagnosis. (1986-1995, 1995-1999, 1999-2003, 2003-2007, 2007-2011) , interval time between measurement and breast cancer diagnosis.
In our study, only prediagnostic haptoglobin showed a consistent association with breast cancer-specific death. Nevertheless, we found an increased risk of early death from all causes following breast cancer diagnosis in women with higher levels of CRP, haptoglobin and WBC, and a higher cumulative risk of all-cause mortality with lower albumin levels. This suggests better overall survival in breast cancer patients with normal levels of these markers prior to diagnosis. Allin and colleagues also studied prediagnostic CRP and all-cause mortality in 202 women diagnosed with breast cancer (36) , and found no statistically significant association (HR: 1.1, 95% CI: 0.2-6.7 for CRP >3 mg/l compared to <1 mg/l, P trend = 0.17). Besides the different measurement methods, this discrepancy may be accounted for by the low number of cases in the previous study, rendering the risk difference between prediagnostic CRP levels unquantifiable. In addition, there is evidence that postdiagnostic serum CRP may be associated with worse cancer-specific and overall survival in breast cancer patients (43) (44) (45) (46) , which indicates a prognostic value of serum inflammatory markers in addition to their role in breast cancer aetiology as indicated in the present study. Future mechanistic investigations and clinical studies are thus necessary to explore their implication in underlying mechanisms of breast cancer and management of the disease.
To date, this is the largest prospective study assessing common serum inflammatory markers in relation to breast cancer. All analyses were performed at the same laboratory, and complete follow-up was obtained for all participants. The population in the AMORIS study was selected by analysing fresh blood samples from health check-ups in non-hospitalized persons. However, any healthy worker effect would not influence the internal validity of our study. One of the limitations of our study is that high-sensitivity CRP was not available at the time measurements were conducted. Therefore, we could not quantify any CRP values below 10 mg/l, which may have resulted in an underestimation of the association between serum CRP and breast cancer. We excluded women with measurements of serum inflammatory markers taken less than 2 years prior to breast cancer diagnosis to lessen the possibility of reverse causation. However, breast cancer may develop years before diagnosis, and this long latency may have had greater impact during earlier years of recruitment when screening tests were less common. Therefore, we adjusted our analysis for period of diagnosis to account for difference in early detection and management of breast cancer over time. There was no information on menopausal status or hormonal replacement therapy at baseline, but we accounted for hormonal factors by assessing parity and stratified our analysis using age as a proxy for menopause. In our study, higher parity was observed in women who had breast cancer, which opposes the well-accepted association between parity and breast cancer risk (3) . Nevertheless, such discrepancy has been observed in several other Swedish cohorts (4, 5) , and may be driven by differences in other sociodemographic factors beyond the scope of the present study. Due to a high proportion of missing values for other tumour characteristics in the AMORIS study, only age at diagnosis, tumour stage and ER status were used to determine severity of breast cancer at diagnosis. Finally, systemic inflammation has been linked to other causes of death such as cardiovascular disease (47) , which may have driven the strong association with all-cause death and underestimated the effects of inflammatory markers on breast cancerspecific death. Future studies should tailor methods to better assess how inflammation is specifically linked to breast cancer in the context of both risk prediction and prognosis.
Conclusion
In addition to being weakly linked to incident breast cancer, higher prediagnostic serum haptoglobin levels were associated with a higher risk of death from the disease, which supports a role of inflammation in breast carcinogenesis. Additionally, women with higher prediagnostic CRP, haptoglobin or WBC levels are at higher risk of dying early from any causes following breast cancer diagnosis. Our analyses imply that inflammation preceding breast cancer may impact survival after diagnosis. These findings suggest the importance of inflammation as one of the mechanisms underlying breast cancer which may be further investigated for possible intervention strategies in breast cancer patients.
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